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--¥ii The behavior_of theipure copper ca.Ii be readily explained 
"-' · in 'light of. the information obtained from this investigation •. 
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~-- Filing is one o~ _the mo-st se~ere deformation processes re-
sulting, there.fore,· in a high state -~~of residual .stress in''the\ 
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St,a.cking fault energy of' copper' given by Van Bueran ' ( 36) 
,o 
. is 160 ergs/Cm2 · which makes· it one of' "the higher e~ergies. 
'Q· - ' 
·r, . - -(Al, Ni, Ag, 23_8, 300, . 29 ergs/cm.::: respectively). Thus it 
·1s s2,.f e to conclude -that the 
• . ,, r /J• ·: 
.. per is high enough to allow· cross-slip to occur ea?ily, and 
. form the proposed cellular structure. However, since this 
/ 
energy is not extremely high, · Some impeding of c!'oss-slip 
·.would.be expected resulting Fin a higher dislocation. density 
. . in the sub-grains and a lower .. d1sloca tion density in the, 
- - . 
.. . . 
boundary regions than.experiencedin·other ma.terials,.nic-
I - f 
kel, ~for instance.· If this 'wer.e the case,. the lOwer · temp-
erature annealing treatmerit~ would have a greater effect and 
domain struetUre. as well as the strains would begin to an-. 
• i . ' . - . 
_ ·neal · out v?ith .. t11.ese - treairn.ent.-s. I This v.ra .. s obse.rved to oe-
cur for t;.he pure copper in thi,s investigation. 
~ ~ ~ 
"' ·. Mitchell and Haig, (·35), working with nickel {SFE · = · 300 · 
' ergs/cm2) found that the lower tempera.turt:1 anneal$ relieved 
. the str'ain in the 1.ess heavily deformed regions and did not 
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cause an increase in domain.size and·tbus conclud~d that the 
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-=-·~=- model of Gay et ar-aJ5ISliea:: . With this iP.011:pd~ the proposal , 
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· that ,,re.s .made for copper th::;.t because of the lower .sta,g:Is:i:ng. ___ ._--,-;..---~-.--.- .. -; 
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lower dislocation d~n~ity in the 
·-· .f 
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' bound/J,rieb and a high~:r dislocation ,cl~nsi ty in the . sub-grains, 
~; -r ' 
.than in oth<::r cold' ·worked materials seems to be Vi:?elido This 
· is in r2ali ty only a modi:f'ic8-tion of the Gay m·odel. 
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. ConSidering this model for the cold worlrnd structure, 
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" t-he effect .of. the annealing treatments- on ·the structure may _ 
'} b-e explainedo . -1 -The ·1ov1 temperature anneal .(50°C)·- pr.ovides 
1 
. 
. 
. the thermal_-activa.,tion nece.ssa ..ry ;to allo1r1 some of. the dis-~ 
. 
' 
.·· ··. ··•·· 1 
. i 
locations in the taxigles to glide. ~·--·-- This results in a redis- · ~-1- ·., ·;:I 
tributiOn of disloca.tion.s ()~ ~tJJ.e_ f!l~iP p].~es and~a- slight~_
0
de-_ ----,-,~.,,.---· ·____c...· ·-·--~ J 
crease in dislocation density· due to a:nnihil.ati_on: of dislo~ ·._· 
cations of opposite sign. · · The result -of ~his is to allow the ::., .. 
' I 
I 
·domain size to incr·ease and t·he lattice strains to deo-rease. · 
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This behay-ior is explained by the proposed model 1:)e~-, ' 
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.· ·:. cauose ·the· lower, dislocation densityi in ~he sub-grain bound--
" aries makes it easier for the· sub-grai.n to_· grow and also, ·, ' i > 
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. · .. ·-'_ ... -~---- tb.e ·higher dislocation density 'in the sub-!'9gra:in itself con~· ·----------------- -.---- ---r 
Ji 
·tributes to ·the. lattice stra·ins and it .. is these strains in the . · -
less heavily deformed regions-that anneal out first. . I 
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. Enough recovery has taken_ pl_~ce at the ·1ow temperature 
-
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· · .,mneal as evidenced by the decrease in stored energy so that 
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· -The annealing treatment at 300°C is· then enough· :to cause 
. ~eQrysta~lization of filings •. 
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The proposed model or modification· of -the -G~y·-·model is 
' . . 
' 
.. , 
._·_thus seen 0to account for all th·e .observed aspeQ.ts. of the· be-· 
., 
havior of the.pure. copper. -~\. 
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-The behavio~ of·the dispersion strengthened all9y is 
' ' 
-
•- \" .. 
-marked_ly _ c;iffere11t fron1 that,_of pure -copper~ a.nd hence re-
qt1ir-es ti diff ere11t 
i -
The cold 1r101~1red stra.ins a.11d. _ s-tor~d energ.y values· are 
. 
-
-· considerabl ,~- higher 2 . 11d tl1e -effect of the e(;n11eriling __ tre:3.t-
. ' ' J -
;J. m·ents is -muc11 Therefore,- both the role of the dis- I ! 
\ 
. - • :l ; p_erso1a. • 1. :": ...... deformatlqn. process leadipg to the cold worked 
-. 
: s;tructu~e _<111d the role· of the: dispersoid · in the nro--
.. 
- ' 
. ,· 
peas must ,be considered e .. nd incorpo_ro:ted into the 111od-el. - Hov1- 1, 
·evei"a, pa .. rt of ·the dif"ference in the as cold vlorlred st1~uctures 
tha .. t t~rere observed must ·be attributed to tl1e effect or· ·the~_ .. i 
,· 
___,__ ________ __; -----------._--_. ------di-s-perso-id--o-E---'-the----room terpperatu:r0 r~ecovery l)I .. oces.s s_o · thai;t 
_....,· : 
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. the .. structtlr.es· ·are depen.dent 
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The obvious rol~ of the 
1.:1poh both roles~ 
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dls1)ersoid in the· deforma. tion 
• 
process is tha,t tl1es.e pa1"'t.ic~es act as obste:.cles to tl1.e move-
· thent. of the dislocations. }!ot_t a11d !Jab~trro ( 18) made· one of 
of this ~roblem and proposed that th~ mov-
.'-
ing disl·oca4tio11 li11e 1r1ould be in the form of a, smooth curve 
tl b - - - , -- -. -..I- i ht 1 . ra _er ·tnan a ·s L,r~, g,~ -_ 1r1e. Then·.one portion of the dis-
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. stress was determined_ by the. shear stre,ss necessc.iry to · extrude 
,. I 
t'be. di-sloc~tion line ·bat,!1feen two particleso The passing of the 
. ~ 
dislocation line b.etween the parti·cles leaves th~!U enci1~cled · l 
. -
. by a sm~ll dislocation loop. -Each succeeding dislocation pass-
. 
. ., 
' ' 
. . ing between the particles would ,;add another loop. • ' ~ I 
. t 
' 
As the num-4~ 
. <, 
·ber of loops build up, the interaction with. the-moving dislo-. 
cation line is greater and it becomes harder and harder for 
the dislocation. t·o breaw/away from the pinning ac.tion of the. · 
·' 
~ 
. part~le. The yield point occurs when the stress--is high e~ 
noµgb. to ;cause a large number of disloc~tion. to break away 
' 
~ 
~ from the particl~s and multiply by the double crossc:1slip mech_; 
an.ism of Orowan.. As the deformation "continues, cross-slip oc-
curs allowing dislocatio·ns· to •·eliminate long range{. stre<sses arid 
. ::.. __ , - ---··- -~·- -
·, 
.- .I' • , • 
/ ·' .. , 
' ' 
in doing so form .sub-gra·in boundaries of t.aiigled dislocations , 
pinned by the particles. 
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Q This basic model of the deformation process has been sub-
s·tantiated ·by several ~nvest:i:gators, although· there ~-s some 
,variation in the mathem~tical expressiqns derived from the 
. . 
• f 
Q 
j 
. ~ t 
t:;· 
. • / ' -
-
.....-..:.----~--------;-
-~ - ~--- -~~- -~'1.at~- ... -.. · .. _} 15, .. lfr, 17 i' 2-0, . _2l, -37r ,,- _-; =·~-=:- _"-- -~:~ --~- ~~--::_- ~c= ----•. L~--=:---f . _ ·· · ·· . :: . The major role of the dispersoid in th_e. a.nn.~13._ling pro-, --•·•· -__ ·. ~-,-----,---~~ I . . -- -- . 
. ---- .... ------------- ~--- -·~- ,-----·. -
. 
. ~cess seems to b1~ ,that of 'retaining the cold worked structure. 
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•. · ft was pr6poSed by Averbach et al ( 38) that most of the 
. . 
stored ~ne:cgy in a cold worked metal can be attributed to the 
I . presence_ of subectgrain boundarie S 0 Preston and Gra.nt (16) then 
. ~-
proposed that the, dispersoid. p:t,n11ed th~ .. sub~grain bo1.µ1daries 
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• •• I 
/ . ....::_-
thus retaining ___ t_he~·~st.ore.d_ ener~----oi' .... co.ld. ,iork in a manner sim-
, . . . . . 
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ilar to that observed by Zener (39) for grain boundaries. In 
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-~.. addition to their own data.,. the data of earlier investigators 
. . 
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Hyam and Nutting (40) and Northcott- (41) :was inter·preted as 
·-sµb~tantiating tb.is model. 
' 
· · .. · This model however,· cannot ae·oount~ ;.for the 1-arge in:: 
cr·ea.se .in particle size that was observed upon annealing at 
low t~mperat-ures and the subsequent' leve'lirig_ off of this 
growth. · 
" 
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This behavior can in part· best be explained by the dual 
matrix·model proposed by Rassemusen (24) for nickel_dispersed 
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·_ · .. with thori~. This model ,separ~tes . the metal into" two mat-· .:J 
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p al·loy immediately surrounding it and a second matrix composed · · 
rices, one matrix 'composed. of the dispe_rsoid particle and the 
of .1tne .alloy· in between th~1 dispersoi·Q. particles. For the 
aitoy in t}lief ~vestigation, tne--ma~rix A w11r-inclu.de -· the --- ---.. · -·--·• ;?-~---•· --.· 
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.· . . .· - .. ·wprked. st;rll..~ture described, by this· model corisists. of a. three·· 
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· . dimensional dislocation net111ork some branches of which are 
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.. _________ · ___ locked by the dispersoid, .and a large more' or less indepen-
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· · roimding .the· dispersoid ·(niatrix_ ~). · The main matrix, (mat-
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. rix- B) in ee·t,1een the ·dispersoid particles behaves i11. the 
same manner as the -non-dispersion stl}e11gthened during an- -· 
nealing treatments • I"Iat:t~ix A ho1rrever 9 · behaves in a different.· · 
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manner being much less e.ff~cted by the annealing treatments •. '!; . -
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· The lower temperature anneals cause thee'· dislocations in~ 
- mat.rix B to glide and climb as in_ pure copper resttlting in· a 
_. · -·-·-_, decrease in· lattice strain, a. decrease in tb.e dislocation dens~ 
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· i ty, and,, an increase in the· domain size. This increase in do- . · .- . 
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-·main size °'Qct:1rs by the migra~?--on of the- subc:agrain boundari~s. 
i · (or branches of the dislocation network) that are not pinned· - · 
by· the dispersoid. - The st·ructure at this point consists of· -a 
mos·aic pattern of sub-grains with some o.f the boundaries being 
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' the dislocation networks that connect· the dispersoid particles·· 
and are thus pinned by them, and the remaining boundaries 
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. that the degree of -annihila"tion of opposite signe,d· dis~oca- · · 
· ,tion·s is much less all;-d fence the d:isl,_ocation _d·ensity .does 
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. not decrease mu.Cho This wifl leave each Al2o3 particle.·.· s~-
ro,unded b'.y a ring. of tangled dislocations that is so· stable 
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. . that· it will remain even after the sub~grain boundarie· s have 
I ix become unpi:nnedo 
i 
It is the· existence· of this 'structure th.at 
. \ acc·ounts for the high amount of stored energy remaining in 
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.dispersion strengthened metals·even at high temperatures. 
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_ Thi-s explanation of the observe1d behavior of the Cu-
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'. i 
' 
· .. Al2o3·'alloy based on the existence of two different matrices 
·· appears even more valid when it is noted that the observed 
domain size a-y which the growth leveled out is of the.same 
order of magrti tude as the .. mean free path. of the alloy. 
2\ The final proof of .this model lies in the explanation 
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·of_ t~e changes in the peak sb.~pe during anneal~ng •. It was 
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·. observed that the broadening in the tails decreased only· ; 
:. ---- slight,ly,, most of the ·eh~g~s _in line profile oo-cu:rring in· 
•. 
! 
... 
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of the broadening in the· tails. This additional broade~ing 
and hence the stored energy :_?J;!.9- strains then be_} attributed . ., 
to proposed matrix A with·the high dislocation density • 
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Ci' ...,. .. 
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. . ~- ·~ . . . 
. not high., enough to allow c~~ss-sli·p to. occur t.o th-e extent 
.. . r . " 
nec·essary · to produce- the clearly defined sub-structure pro- . ., 
-posed by Gay et al. \ 
. •·· .. : - . . 
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· ~. . A modified Gay model ha;s be._,·n proposed that accollD.ts 
' -! 
.· . I -
for the behavior of this less clearly defined sub-structure. 
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This model has ·a higher disloca;tion density- in the subc;>grain 
and a lower dislocation q.ensi ty in the sub-boundary than the · -
' . 
Gay model. !Phis structure is af'f eoted to a greater degre~ by 
1 
,. • 
· low temperature annealing. treatments so that it is readily ·;~' 
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annealed-out. 
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.\. 9 f L .. 3~ ;,-· The structure and -the -~ealing behavior of the Cu~l.l" 
. , I . . • - • . A~2o3 alloy is much differ~~t, that that observed for the pure 
copper so ~hat anothe·r model is needed. A'" mo~l based on the 
dua+ matrix theory of Rassemusen was proposed to aocount for 
.·~ 
~' . 
-the behavior of this .alloy. 
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The dispersed phas~ appears to lock some of the sub-- · · 
-grain boundaries in plac~ aricl t}l:'U,s define _a sUb~st:ructure wi tb: _,_ 
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. : • . ·a doma_µ. size of the·. same order of.magnitude as /:the inter~ . 
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particle spacing after annealing_ at 500°0. :rat, 
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-· Tne sti.lrt·ing ma terie .. 1 wa .. s a Cu - o.23~1t%Al e .. lloy in· 
._-t--h-e ·r.orn1 · of vc::icuum m··el""'e;,,a·:"t .. 1, --- ,;;..;. . ll = ! i .. L, ...... - ' chill cast rods onq inch in di---
' .- a.meter clnd .. eig.ht i11ches long. These ba.rs ,t,ere reduced .50% . 
. ,
·cold swaging· and t~en_ homogen~zea. at 1000°0 ·ror 50 hours -
___ .,, .. 
< in helium. 
. ... 
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. The homogenized bars ~;ere reduced to chips by · a m111·-. ·. 
...... 1 
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.ing-machine ... ana fur.-the·r r·educed in a. ste#inless steel .rod • , ~ • 
n 
mill t·or four. l1ottrs. Onlj" those pa_rtic.les_ passing tl1rough a 20 m:eeh · scr-een 1irlere .. used for the internal oicidation 1process. 
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. A 45-0 gram sa.mpl~ of this alloy pav1der was surfe.ce cox-
,: - idized to cuprous o:-~ide· (plus solute oJt1de) by heating in a measured volume of O}~ygen- at 45o0 c-·. The 1pov.fd,er lriis then 
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CALCDLA1'ION FROM X-RAY LINE PROFILE 
,.,,..,>'. 
by th~ directioi,i of tbe principal, ,stress axes. (x', Y' 'z I) . 
,, The stress at any poiilt in a cryste,1 may be deScrfbed 
-
. ' 
-
8.nd the magnitud~ of_ the princip?,l 
Ji 
;, 
,; .,.· . 
fzrzr). The Principal axes (x' ,Y!' ,z') are chosen so as to·. 
··make•ex•y•·= ey'z! = ez•x• = O. 
; . I ' -, 
ar~ given by_ eqw:ctions d±"' ·the foJ,lowing form 
Then,· the· principa.1· strains 
. I 
. r: . 
-, 
where E is Young_ modulus and v is Poisson's ratio;/. 
( 1) '' ' 
Eaua-~ - .. .;:, 
' ,''. 
·I'\ 
, ·. · · tion · ( 1) is Hooke's law in. three dimensions . and hence only 
·~ ··applies in the elastic· !"egion. 
/. 
' 2 ,,, ' A mean square. principal stress, f , · and a. stress corre:... .· 
.µttion constant, C, ma .. J' be· defined 
-- :f2_r . t + f.'2 I f + f2 t' I : 3:f'2 ~ X X · Y y Z. Z 
a.s follo.lvs 
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fx'x'fy',Y' .+ ty•y•fz'z'· + fz~z't'x•x• = 
. : I . . 
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- dist1~ibution over- the 1 entire crJrstril oi-~ that, th~ princi-
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<i · (dafa.) 2= r2/5E2 (3-4v + Bv2 + 20(1-Sv + 6v2)) 
_The stored energy is 
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'-' __'ti'\_ . I.I. V. ,= 3f2 ( 1 - . 2011.) /2ir; . 
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- I ( 5) . 
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